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Silx*a  Fntrapment  of  Biofilms  in  Membrane  Bxxcadnrs  for  Water  Regeneration 

ABSTRACT 

Habitat  systems  for  long-term  resource  rccoxtry  mint  Iv  reliable,  aft  and  highly  efficient,  while  providing  potable 
water,  oxygen,  and  edible  biomass.  Water  makes  up  a  large  portion  of  the  daily  mss  input  into  habitat  systems. 
C’onsiderations  lor  water  recycling  technologies  include  shelf  life,  resupply-relum  logistics,  maintenance  lime,  power 
requirements,  and  footprint.  Water  recovery  via  physicochemical  processes  is  limited  by  resupply,  which  can  K: 
alleviated  by  incorporation  of  an  autonomous  bioregenerative  core,  utilising  innate  metabolic  activity  of  cells  to 
recover  useable  water  from  various  wastestreams.  Major  components  of  bioregenerative  core  systems  include 
plant  cu>p  production  systems  and  microbial  bioreactors. 

One  of  the  microbial  bioreaetor  technologies  currently  under  consideration  for  use  within  closed  loop  water  recovery 
systems  is  the  membrane-aerated  bioreaetor  (MABR)  Although  many  advancements  have  been  made  regarding  the 
optimization  of  MABR  biotechnologies,  problems  that  p:rsist  include:  slow  startup  time,  shock  loading  reduction  of 
processing  efficiency,  uncontrolled  detachment  of  sessile  bacteria,  and  the  ability  to  control  micrumchc  community 
formation  tor  degradation  of  complex  wastestreams.  To  improve  bioreactor  design  in  these  areas,  we  have 
demonstrated  a  technique  linking  advanced  cell  immobilization  to  hollow  lilvr  membrane  bioreaetor. 

Porous  silica  immobilization  of  cells  fbiusihtication)  is  a  biocompahblc.  critically  transparent  encapsulation  method 
used  for  high  quality  thin  film  deposition.  Results  indicate  that  encapsulated  membrane  bound  cells  within  btolilrm 
are  viable,  retain  their  morphology,  are  mclabolxrally  active,  and  are  physically  trapped  lbllowmg  biasilificalien. 

The  resultant  thin  silica  membrane  is  evenly*  distributed  over  the  biofilm  surface,  reducing  molecular  dillusion 
limitations,  and  reinforcing  the  matrix.  Both  P.  aeruginosa  <a  persistent  chemoheterotrophl  and  N.  europaea  (a 
sensitive  nitrogen  cycling  organism!  survived  the  encapsulation  process,  and  retained  viability  and  physiology  over 
an  extended  period  of  tune  <al  least  30  days).  The  silica  layer  reduces  the  dctachnxmt  of  cells  and  polymers 
(improving  biomass  conversion  rate),  hut  does  not  constrict  active  detachment  of  cells  (required  for  proper 
physiological  bio  film  self-maintenance).  Planktonic  cells  are  capable  of  forming  a  secondary  layer  of  cells  polymers 
on  silica -encapsulated  btofilms.  demonstrating 

The  technique  herein  is  scalable  and  capable  of  encapsulating  complex  geometries  of  immobilized  bacteria  by 
employ  ing  endogenous  extracellular  material  as  a  site  for  silica  deposition.  These  features  will  allow  rapid 
deployment  of  bioceadors.  which  contain  mature  communities  of  microbes  immobilized  in  biofilmx.  and  will  have 
the  additional  benefit  of  reducing  uncontrolled  biofilm  erosion.  Future  and  ongoing  research  will  explore  long  term 
cellular  viability,  translation  of  the  encapsulation  system  to  new  classes  of  cells,  and  “layering"  of  multispccies 
microbial  communities  in  bioceaclors  lor  rapidly  deployable  processors  for  use  in  water  reclamation  systems. 


Silica  Entrapment  of  Biofilms  in  Membrane  Biorca clots  for  Water  Regeneration 


Abstract 

Habitat  systems  for  long-term  resource  recovery  must  be  reliable,  safe  and  highly 
efficient,  while  providing  potable  water,  oxygen,  and  edible  biomass.  Water  makes  up  a  large 
poiiion  of  the  daily  mass  input  into  habitat  systems.  Considerations  for  water  recycling 
technologies  include  shelf  life,  resupply-return  logistics,  maintenance  time,  power  requirements, 
and  footprint.  Water  recovery  via  physicochemical  processes  is  limited  by  resupply,  which  can 
be  alleviated  by  incorporation  of  an  autonomous  biorcgcncrative  core,  utilizing  innate  metabolic 
activity  of  cells  to  recover  useable  water  from  various  wastestreams.  Major  components  of 
biorcgcncrative  core  systems  include  plant/crop  production  systems  and  microbial  biorcactors. 

One  of  the  microbial  biorcactor  technologies  currently  under  consideration  for  use  w  ithin 
closed  loop  water  recovery  systems  is  the  membrane-aerated  biorcaetor  (MABR).  Although 
many  advancements  have  been  made  regarding  the  optimization  of  MABR  biotechnologies, 
problems  that  persist  include:  slow  startup  time,  shock  loading1  reduction  of  processing 
efficiency,  uncontrolled  detachment  of  sessile  bacteria,  and  the  ability  to  control  ntieroniche 
community  formation  for  degradation  of  complex  wastestreams.  To  improve  biorcactor  design 
in  these  areas,  w  e  have  demonstrated  a  technique  linking  advanced  cell  immobilization  to  hollow 
fiber  membrane  biorcactor. 

Porous  silica  immobilization  of  cells  (biosilification)  is  a  biocontpatiblc.  optically 
transparent  encapsulation  method  used  for  high  quality  thin  film  deposition.  Results  indicate  that 
encapsulated  membrane-bound  cells  within  biofilms  are  viable,  retain  their  morphology,  arc 
metabolically  active,  and  arc  physically  trapped  following  biosilification.  The  resultant  thin 
silica  membrane  is  evenly  distributed  over  the  biofilm  surface,  reducing  molecular  diffusion 
limitations,  and  reinforcing  the  matrix.  Both  P.  aeruginosa  (a  persistent  chemohcterotroph)  and 
jV.  europaea  (a  sensitive  nitrogen  cycling  organism)  survived  the  encapsulation  process,  and 
retained  viability  and  physiology  over  an  extended  period  of  time  (at  least  30  days).  The  silica 
layer  reduces  the  detachment  of  cells  and  polymers  (improving  biomass  conversion  rate),  but 
docs  not  constrict  active  detachment  of  cells  (required  for  proper  physiological  biofilm  self- 
maintenance).  Planktonic  cells  are  capable  of  fomting  a  secondary  layer  of  cclls>  polymers  on 
silica-encapsulated  biofilms.  demonstrating. 

The  technique  herein  is  scalable  and  capable  of  encapsulating  complex  geometries  of 
immobilized  bacteria  by  employing  endogenous  extracellular  material  as  a  site  for  silica 
deposition.  These  features  will  allow  rapid  deployment  of  biorcactors,  which  contain  mature 
communities  of  microbes  immobilized  in  biofilms.  and  will  have  the  additional  benefit  of 
reducing  uncontrolled  biofilm  erosion.  Future  and  ongoing  research  will  explore  long  term 
cellular  viability,  translation  of  the  encapsulation  system  to  new  classes  of  cells,  and  “layering" 
of  multispecics  microbial  communities  in  biorcactors  for  rapidly  deployable  processors  for  use  in 
water  reclamation  systems. 

Introduction 

Water  is  the  most  critical  element  for  life  support,  and  water  regeneration  is  essential  for 
establishing  base  camp  self-sufficiency.  Water  recovery  systems  currently  under  development 
arc  intensive  users  of  resources,  including  power  for  processes  such  as  distillation  and 
consumables  for  post  treatment  based  on  adsorption  and  chemical  oxidation  of  contaminants. 
Alternative,  low  input  systems  are  needed  to  maximize  the  logistics  savings  provided  by  water 


recycling.  Our  proposed  siralcgy  for  a  more  sustainable  approach  lo  water  recycling  relics  on  the 
integration  of  biological  systems  for  regenerative  oxidation  of  wastewater  contaminants. 
Microbiological  reactors  are  innately  more  regenerative  than  physiochemical  systems. 
Adsorbents  or  catalysts  with  limited  life  spans  arc  replaced  by  living  cells  that  ''recycle''  the 
energy  harnessed  from  oxidative  reactions  to  carry  out  the  reductive  processes  necessary  for  cell 
maintenance  and  growth. 

There  are  a  number  of  reactor  types  which  have  been  investigated  as  bioproccssors  in  water 
recovery  systems  for  life  support  applications,  including  biotrickling  filters  (McLamorc  et  al., 
2008).  tubular  reactors  (Campbell  et  al..  1998),  membrane  aerated  bioreactors  (McLamorc  ct  al., 
2007;  Jackson  ct  al..  2009;  Chen  ct  al..  2008).  and  various  other  biotechnologies  based  on 
immobilization  of  biofilms  on  engineered  surfaces.  A  biofilm  is  defined  as  an  agglomeration  of 
microbial  cell  clusters  enmeshed  in  an  extracellular  polymeric  matrix  (Costcrson  2007). 

In  addition  to  stress  response  mechanisms  globally  expressed  by  suspended  bacteria, 
microbes  in  biofilms  form  diverse  communities  capable  of  resisting  large  changes  in  influent 
composition  (c.g..  temperature.  pH,  nutrient  loading  rate,  and  chemical  stressors).  While  there 
are  many  benefits  to  sessile  growth,  such  as;  increased  resistance  to  antimicrobials  (Stewart. 
2002)  and  community-based  defense  mechanisms  (Parsek  and  Greenberg.  2000).  there  arc 
physiological  costs  associated  with  these  advantages.  EPS  production  imposes  a  metabolic 
burden,  and  intrabiolilnt  nutrient  transport  can  limit  growth  and  reduce  the  efficiency  of  stress 
response  mechanisms  (Huang  et  al..  1998;  Hassctt  ct  al..  1999;  Boles  et  al..  2005). 

A  major  source  of  biorcactor  inefficiency  is  the  detachment  of  active  sessile  cells  from 
biofilms.  Detachment  can  be  caused  by  erosion,  sloughing,  abrasion,  predator  grazing,  and 
active  detachment.  Erosion,  sloughing,  and  abrasion  are  caused  by  fluid  shear,  and  once  the 
biofilm  matures  the  mechanical  removal  of  cclls  polymers  reaches  a  relatively  constant  rate 
(Characklis.  1990;  Stoodlcy  ct  al..  2001;  Picioreanu  et  al..  2001).  Active  detachment  is  the 
dispersal  of  active  cells  from  the  biofilm  matrix  via  physiological  mechanisms  triggered  by 
environmental  cues  (Hunt  et  al..  2004;  Sauer  ct  al..  2004). 

Uncontrolled  biofilm  detachment  can  cause  many  problems  in  engineered  systems, 
including:  an  increase  in  the  risk  of  human  exposure  to  pathogenic  bacteria,  a  reduction  of 
hydrodynamic  efficiency  (bioclogging),  process  upset,  and  fouling  of  downstream  processes.  In 
water  treatment/distribution  systems,  removal  of  biofilm  can  result  in  the  detachment  of 
inactivated  (but  potentially  viable)  microbes  capable  of  rcattachmcnt  and  propagation  (Stoodlcy 
ct  al..  2005).  Proactive  strategies  for  controlling  biofilm  formation  in  engineered  systems 
include  substratum  surface  modification  (Vccncndaal  ct  al..  1999).  limitation  office  assimilable 
organic  carbon,  and  turbulent  bulk  flow.  Reactive  strategics  to  control  biofilms  include: 
ultrasonication  (Lericbe  and  Carpcnticr,  1995).  vortexing  (Dhir  and  Dodd.  1995:  Walker  ct  al.. 
1993).  addition  of  chemical  disinfcctant(s)  (Robbins  et  al..  2005;  Sulc  et  al..  2007).  cell  signaling 
inhibition  (Romeo.  2006).  and  starvation  (Hunt  ct  al..  2004).  Although  biofilm  control  strategics 
targeting  EPS  dcnaturation  have  been  suggested  (Simfics  ct  al.  2005:  Ahimou  ct  al..  2007).  to 
date  few  techniques  exist  due  to  the  complex  dynamic  phenomena  occurring  during  detachment. 

To  alleviate  many  of  the  problems  associated  with  sessile  bacteria  (e.g..  uncrontrollcd 
detachment,  control  of  microniche  community  formation),  we  propose  to  develop  modular, 
rapidly  deployable  biological  systems  by  linking  advanced  cell  immobilization  techniques  to  the 
hollow  fiber  membrane  bioreactors.  Immobilization  of  the  microorganisms  on  membranes  will  1) 
provide  stability  to  prevent  erosion  of  the  microorganisms  into  the  effluent  due  to  fluid  shear;  2) 
support  long-term  survival  and  function  of  the  microorganisms  by  providing  a  mechanically 


stable  polymeric  matrix,  3)  encourage  metabolic  state  that  optimizes  biorcactor  function,  and  4) 
support  the  rapid  slait  up  of  the  bioreactor.  To  achieve  these  features,  the  microorganisms  on 
hollow  fiber  membranes  will  be  encapsulated  by  the  deposition  of  porous  silica  using 
biosilieification  techniques. 

Cell-mediated  silica  entrapment 

Silica  based  sol-gel  glasses  possess  materials  properties  that  make  them  appealing 
substrates  for  the  encapsulation  of  pharmaceutical  agents  (Kortcsuo.  Ahola  et  al.  2000:  Koehler. 
Zhao  et  al.  2008).  enzymes  (Bhatia.  Brinker  et  al.  2000;  Luckarift.  Spain  ct  al.  2004).  and 
proteins  (Ellcrby.  Nishida  et  al.  1992;  Jedlicka.  Little  ct  al.  2007).  The  interconnected 
mesopourous  amorphous  glass  network  that  forms  due  to  the  polycondensation  of  silicic  acid 
molecules  stabilizes  sensitive  biomoleeules  (Eggcrs  and  Valentine  2001).  prov  ides  a  large  area 
for  surfacc'solution  interactions  (Yang  and  Zhu  2005).  and  allows  for  the  controlled  release  of 
entrapped  agents  (Roveri,  Morpurgo  et  al.  2005).  Sol-gels  are  typically  synthesized  using  wet 
chemistry  under  ambient  atmosphere  at  standard  temperatures  and  pressures.  This  allows  for  the 
encapsulation  of  biological  agents  without  denaturation  or  destruction  (Avnir,  Coradin  ct  al. 
2006).  During  the  past  two  decades,  researchers  have  expanded  the  scope  of  sol-gel  technology 
to  encapsulate  living  cells  for  a  variety  of  applications  (Avnir.  Coradin  et  al.  2006:  Prakash  and 
Bhathena  2008).  These  include  living  biological  sensors  (Bottcher,  Soltmann  ct  al.  2004;  Livagc 
and  Coradin  2006).  catalysts  (Carturan.  Cantpostrini  ct  al.  1989;  Inanta.  Dire  et  al.  1993).  and 
drug  delivery  devices  (Bottcher.  Soltmann  ct  al.  2004;  Avnir.  Coradin  ct  al.  2006;  Coradin. 
Boissiere  ct  al.  2006). 

Many  researchers  employ  variants  of  bulk  gelation  encapsulation  techniques  (Bottcher. 
Soltmann  et  al.  2004).  Typically,  cellular  material  is  placed  in  an  appropriate  vessel  and  the 
liquid  silica  sol  is  introduced.  This  solution  then  gels  to  form  a  mesopourous  silica  glass  that 
allows  for  the  diffusion  of  nutrients  and  cellular  products  to  and  from  the  local  environment.  The 
resultant  encapsulant  is  non-cell  specific  with  material  morphology  governed  by  the  surrounding 
vessel  (Ferrer.  Yustc  ct  al.  2003;  Nassif.  Roux  et  al.  2003).  The  diffusional  characteristics  of 
such  matrices  are  dependant  on  the  thickness  of  the  matrix  and  can  vary  widely  from  cell  to  cell 
(Satoh.  Matsuyama  ct  al.  1995:  McCain  and  Harris  2003:  Taylor.  Finnic  ct  al.  2004).  While  it  is 
potentially  possible  to  entrap  large  volumes  of  cells  using  these  methods,  diffusional  constraints 
and  the  brittle  nature  of  sol-gel  glasses  tend  to  preclude  their  use  in  large  scale  immobilization 
applications. 

In  order  to  address  the  limitations  of  current  silica  encapsulation  technologies,  we  have 
developed  a  cell-specific  biomimetic  sillication  technique  inspired  by  stromatolytic  bacterial 
formations.  Cyanobacteria  mats  in  silica  rich  hotsprings  form  ordered  stromatilitic  structures 
(Walter.  Bauld  ct  al.  1972).  Observations  in  natural  hotspring  environments  suggests  that 
hactcria  serve  as  sites  for  silica  nuclcation  in  a  saturated  environment  (Konhauscr  and  Ferris 
1996;  Konhauscr.  Phoenix  ct  al.  2001;  Mountain,  Bcnning  ct  al.  2003)  with  extracellular  proteins 
and  carbohydrates  mediating  the  silification  of  the  cells  (Konhauscr  and  Ferris  1996;  Konhauscr. 
Phoenix  ct  al.  2001).  The  resultant  amorphous  silica  layer  allows  for  bacterial  survival  at  depths 
of  over  3mm  (Konhauscr  and  Ferris  1996;  Konhauscr.  Phoenix  et  al.  2001). 

We  hypothesized  that,  given  the  chemical  similarities  between  the  organic  matrix 
produced  by  cyanobacteria  and  other  bacterial  species,  we  could  induce  the  formation  of  a  cell  or 
biofilm-spccific  mineralized  layer  by  exposure  to  saturated  silica  solutions.  Endogenous 
extracellular  matrix  molecules  serve  as  a  site  for  the  preferential  nuclcation  of  a  silica  matrix. 


Subsequent  polycondensation  of  free  silicic  acid  species  then  generates  a  mesopourous  cell- 
specific  membrane.  Solution  exchange  or  dilution  then  halts  further  deposition  of  silica, 
preventing  bulk  gelation. 

To  investigate  the  viability  of  our  ccll-mcdiatcd  silica-based  encapsulation  technique,  two 
model  bactciia  were  grown  in  monoculture  biofilms.  Pseudomonas  aeruginosa  arc  commonly 
used  in  biomedical,  and  environmental  applications  (Xu.  Stewart  ct  al.  1998;  Sauer.  Camper  ct 
al.  2002).  and  thus  were  used  as  a  model  chcmohctcrotrophic  bacteria.  Nltrosomonas  euro/utea 
are  an  important  organism  in  biological  nitrogen  cycling  in  the  environment,  and  were  used  as  a 
model  chcmoautotrophic  organism  (Brandt.  Hcssclsoc  ct  al.  2001;  Coci.  Ricchmann  ct  al.  2005). 
Mature  biofilms  were  exposed  to  silifying  solutions,  and  a  battery  of  techniques  used  to  (I) 
validate  biomincral Nation  by  silica.  (2)  characterize  viability,  and  (3)  ensure  physiological  stress 
responses  remained  intact. 

Methodology 

Cell  Culture 

Pseudomonas  aeruginosa  is  a  chcmohetertrophic  gram  negative  opportunistic  pathogen 
of  animals,  plants,  and  humans,  and  is  used  extensively  as  a  model  organism  in  wastewater 
treatment,  bioremediation,  and  biomedical  applications  (Xu.  Stewart  et  al.  1998;  (ianguli  and 
Tripathi  2002;  Sauer.  Camper  ct  al.  2002;  Vijayaraghavan  and  Yun  2008).  P.  aeruginosa  (ATCC 
97)  was  obtained  from  American  Type  Culture  Collection  (Manassas.  VA).  and  biofilms  were 
grown  at  37°C  in  a  glucose  media  (lOrnM  glucose.  50mM  HEPES.  3mM  NH.C1.  43mM  NaCI. 
3.7ntM  KHjPOi.  ImM  MgSO,.  and  3.5pM  FeSO.) 

Nitrosomonas  europaea  is  a  chcmoautotrophic  gram  negative  bacteria  that  is  often  the 
rate  limiting  step  in  nitrogen  cycling  within  the  environment  (Brandi.  Hcssclsoc  et  al.  2001; 
Coci.  Ricchmann  ct  al.  2005).  .V.  europaea  arc  sensitive  to  changes  in  nutrient  conditions,  light, 
temperature,  and  chemical  toxins,  and  thus  arc  widely  studied  in  soil,  sewage,  and  freshwater 
systems.  .V.  europaea  (ATCC  19718)  was  obtained  from  ATCC.  and  biofilms  were  grown  in 
ATCC  medium  2265  (25.0  mM-(NH.):SO.,  43.0  mM-KH2PO.,  1.5  mM-MgSO,.  0.25  mM- 
CaClj.  10  pM-FeSO,.  0.83  pM-CuSO..  3.9  mM-NaHjPQi.  and  3.74  mM-NaiCOj). 

All  cells  were  immobilized  on  semi-permeable  silicon  membranes  in  a  hollow  fiber 
membrane  aerated  bioreactor  and  grown  under  aerobic  conditions  according  to  McLamore  ct  al. 
(MeLamore.  Jackson  ct  al.  2007).  Intact,  mature  immobilized  biofilms  w  ill  be  extracted  from  the 
bioreactors  via  '/•'  fcmilcs.  and  transferred  to  constructed  fiowcclls  prior  to  biosilification 
according  to  McLamore  ct  al.lMcLamorc.  Porterfield  ct  al.  2009). 

Enriehed  Silica  Solution  Preparation 

Tctrantcthyl  orthosilicate  (TMOS.  Sigma- Aldrich)  was  hydrolyzed  in  a  1:16  mol  ratio 
(TMOS:H:0)  deionized  water  solution  using  lpl  of  0.04  molar  acid  initiator  (hydrochloric,  nitric, 
or  trifluoroacctic  acid)  per  Ig  of  solution.  The  mixture  was  stirred  vigorously  for  10  minutes 
until  clear.  The  methanol  produced  by  the  hydrolysis  reaction  was  removed  from  the  solution  by 
rotary  evaporation  under  vacuum  at  45°C  (30%  reduction  in  solution  volume).  The  resulting 
saturated  silica  solution  was  refrigerated  prior  to  use  or  used  immediately. 

Bulk  liquid  effluent  measurements 

Reactor  efficiency  was  measured  biweekly  by  collecting  lOmL  aliquots  of  efiluent.  and 
separating  solutions  for  measurement  of  substrate,  dissolved  oxygen,  and  pH.  NIL  and  pH 


were  measured  using  ThermoOrion  ion-seiceiivc  inacroelcctrodcs.  and  dissolved  oxygen  was 
measured  using  a  YSI  melcr  (Yellow  Springs  International,  Yellow  Springs.  OH).  Glucose 
concentration  was  measured  using  a  constructed  biosensor  (sec  following  section)  by 
continusouly  stirring  a  5ntL  at  200ipm. 

Physiological  Sensing 

Glucose  sensors  were  constructed  using  Pt/lr  microclcctrodcs  (PI20033.0A10.  5 1  mm 
length.  0.256mm  shaft  diameter.  1-2 pm  tip  diameter.  3pm  parylcne-C  coated  metal  shaft) 
obtained  from  Micro  Probe  Inc  (Gaithersburg.  MD).  To  constiuct  the  biosensor.  Pt  black  was 
electro-deposited  using  a  potentiostat  (Applicable  Electronics)  in  a  solution  of  0.72% 
chloroplalinic  acid  and  0.001%  lead  acetate.  The  microelcetrodc  was  connected  to  a  cathode  on 
the  potentiostats.  and  a  Pt  wire  0.5mm  in  diameter  (Alfa  Aesar.  Ward  Hill.  MA)  was  connected 
to  the  anode.  A  constant  voltage  (10V)  was  applied  between  the  cathode  and  anode  of  the 
potentiostat  for  1  minute.  The  MWNT  solution  was  prepared  by  mixing  2mg  MWNT  in  I  ml 
Nation,  and  ultrasonieating  for  30  minutes.  The  MWNT  solution  (2pl)  was  cast  on  the  tip  of  the 
microelcetrodc  using  a  pipette,  and  the  microelectrode  was  subsequently  air  dried  for  5  minutes. 
For  enzyme  immobilization,  the  microelectrode  was  then  dipped  in  100  pi  of  a  solution 
containing  50  mg-GOx/ml-PBS  for  30  min. 

Proton-selective  microclcctrodcs  were  constructed  following  published  procedures 
(Poticrficld  et  al.,  2009).  Briefly ,  microclcctrodcs  were  fabricated  for  each  experiment  using 
non-fllamentcd.  1.5  mm  borosilicatc  glass  capillaries  (World  Precision  Instruments  Inc., 
Sarasota.  FL)  pulled  on  a  Sutter  P-97  horizontal  puller  (Sutter  instrument  Co..  Novato.  CA). 
producing  a  tip  diameter  of  2-5  pm.  Electrodes  were  then  silanized  using  N-N  dimethyl- 
trimcthyl  silane.  The  liquid  ion  exchange  cocktail  (proton  cocktail  A)  was  obtained  from  Fluka 
(St.  Louis.  MO),  and  the  electrolyte  contained  lOOmM  KC1  and  50mM  HEPES  buffer.  Proton 
microclcctrodcs  were  calibrated  using  standard  pH  buffers  (Sigma  Aldrich.  St.  Louis.  MO),  and 
electromotive  force  was  recorded  at  1kHz  against  a  Ag'AgCI  reference  electrode  (3M  KCI  and 
3%  agar). 

Fiber  optic  O;  sensors  (optrodcs)  used  a  frequency  domain  lifetime  fluoronteter  and  were 
constructed  by  pulling  a  100/140  pm  step  index  silica  glass  fiber  cable  on  a  Sutter  P-2000 
microprocessor  controlled  laser  puller  (Sutter  instrument  Co.,  Novato,  CA),  producing  a  tip 
diameter  of  10  pm  (Kiihl  and  Jorgensen.  1992:  Chatni  and  Porterfield.  2009).  A  polystyrene 
membrane  containing  platinum  tetrakis  (pcntafiuorophcnyl)  porphyrin  (PtTFPP)  was  dip  coated 
on  the  tip  of  the  pulled  fiber  optic  cable.  The  membrane  contained  6.1%  polystyrene  (Sigma 
Aldrich.  St.  Louis.  MO),  0.4%  PtTFPP  (Frontier  Scientific.  Logan.  Utah),  and  10.8?'.  2  pm 
diameter  Ti02  microparticles  (Sigma  Aldrich.  St.  Louis.  MO)  dissolved  in  chloroform  (Chatni 
and  Porterfield.  2009;  McLamorc  ct  al..  2010).  Any  temperature  effects  were  corrected  through 
the  use  of  an  integrated  thermocouple  that  provided  input  for  the  digital  signal  processor-based 
lifetime  fluoronteter  (Presence.  Reganburg.  Germany).  Optrodcs  were  calibrated  in  de-aerated. 
dc-ionized  (DI>  water  (nitrogen  purged)  and  02  saturated  DI  water  (21%),  and  phase  angle 
transduced  to  an  analog  signal  via  a  digital  signal  processor  (World  Precision  Instruments. 
Sarasota.  FL). 

To  measure  real  time  flux  of  metabolic  analytes,  a  sensor  technique  known  as  self- 
referencing  (SR)  was  used  (Porterfield  2007).  SR  converts  concentration  sensors  into  dynamic 
biophysical  flux  sensors  for  quantifying  real  time  transport  in  the  cellular  to  whole  tissue 
domain,  and  has  been  used  in  many  fields,  including:  agricultural) Porterfield.  Kuang  et  al.  1999: 


Gilliham.  Sullivan  ci  al.  2006),  biomedical  (Land.  Porterfield  e«  al.  1999;  Zuben.  Liu-Snydcr  cl 
al.  2008).  and  environmental  (Sanchez.  Ochou-Acuna  ct  al.  2008)  applications.  SR  discretely 
corrects  for  signals  produced  by  ambient  drift  and  noise  by  oscillating  a  microsensor  between 
tw  o  locations  at  a  fixed  excursion  distance  according  to  Fiek's  first  law  of  diffusion  (Kuhtreiber 
and  JalVc  1990).  The  method  quantifies  real  time  changes  in  analyte  concentration  (AC)  at  two 
points  separated  by  a  known  excursion  distance  (AX). 

Non-invasivc  SR  sensors  were  used  to  non-invasively  quantify  biofilm  physiology  using 
establislied  methods  (MeLamore.  Porterfield  ct  al.  2(109).  A  combination  of  electrochemical  and 
optical  sensots  were  employed  to  measure  biochemical  fiux  of  oxygen  and  substrate  for  each 
monoculture  biofilm.  Briefly.  oxygen  fiux  was  measured  using  a  SR  optical  oxygen  sensor, 
which  was  constructed  by  immobilizing  an  oxygen-quenched  iluorcscent  dye  (platinum  tetrakis 
penlafiuoropheynl  porphyrin)  on  the  tip  of  a  tapered  optical  fiber.  Change  in  pliasc  angle  was 
measured  using  a  frequency-domain  lifetime  technique  based  on  (3(1,  Chatm  and  Porterfield. 
2009).  For  P.  aeruginosa  biofilms,  substrate  (glucose)  flux  was  ampcromctrically  measured 
using  a  glucose  biosensor  which  was  fabricated  by  entrapping  glucose  oxidase  within  a 
Nafion'carbon  nanotube  layer  on  the  up  of  a  platinized  platinum  wire  according  to  (Shi  et  al., 
2009).  For  .V.  europaea,  substrate  (NIL  I  fiux  was  measured  using  a  microelcctrode  fabricated 
by  immersing  a  Ag'AgCI  wire  in  a  tapered  glass  capillary  containing  elceuolyte  and  a  liquid 
membrane  selective  for  NI  L  (Sauer  et  al..  2002). 
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Figure  1.  The  self  referencing  sensor  system  is  mounted  on  an  anti-vibration  table,  and 
oscillation  is  conducted  via  remotely  operated  computer  controlled  stepper  motors  Remote 
computer  control  contains  frame  grabber,  computer  w  ith  ASFT  softw  are.  D  A  convener,  and 

A/D  convener 


For  all  experiments,  substrate  andor  Qj  flux  were  continuously  measured  al  seven 
positions  along  the  surface  of  each  biofilm  for  ten  minutes  unless  otherw  ise  indicated  (2niin  in 
the  lateral  direction  between  each  position;  sec  supplemental  Figure  1).  For  data  concerning 
physiological  flux,  all  averages  represent  the  arithmetic  mean  of  these  5  positions  for  (n=3) 
replicates,  and  error  bars  represent  the  standard  error  of  the  arithmetic  mean. 


Acid  Initiator  Screening 

The  three  acid  initiators  were  screened  for  biocompatibility  with  biofilms  by 
continusouly  measuring  real  time  respiration  using  oxygen  optrodes.  Oxygen  uptake  was 
monitored  for  10  minutes  to  determine  baseline  aerobic  respiratory  level.  The  media  was 
carefully  removed,  and  filtered  media  containing  lOpI  per  ml  enriched  silica  solution  was 
carefully  added,  and  allowed  to  rest  20  minutes  in  order  to  encapsulate  the  biofilm.  Oxygen  flux 
measurements  were  monitored  throughout  the  biosilifieation  process.  After  20  minutes,  the 
solution  was  again  carefully  removed  and  replaced  with  fresh  silica  free  medium  to  halt  the 
biosilifieation  process.  Oxygen  flux  measurements  were  then  continuously  recorded  along  the 
biofilm  surface  for  14  hours  to  monitor  biofilm  viability.  As  a  control  experiment,  flux  was 
measured  in  growth  media,  the  solution  was  replaced  with  fresh  growth  media  containing  no 
silica,  and  physiological  flux'viability  measured. 

SEl/  Imaging/Electron  Dispersive  X-ray  IEDX )  Elemental  Analysis 

P.  aeruginosa  and  .V.  europaea  biofilms  were  encapsulated  with  silica  as  described 
previously.  Immediately  after  biofilm  encapsulation,  membranes  containing  immobilized, 
encapsulated  biofilms  were  immersed  in  a  4%  glutaraldchydcstcrilc  phosphate  buffer  solution 
for  I  hour.  The  samples  were  then  soaked  in  deionized  water  for  1 5  minutes,  followed  by  senal 
dehydration  in  ethanol  solutions  (25%.  50%.  75%.  90%.  100%  respectively).  Upon  removal 
from  the  final  ethanol  wash,  the  samples  were  placed  in  a  partially  enclosed  polystyrene  dish  and 
allowed  to  dry  slowly  under  ambient  conditions  for  8  hours.  Samples  were  then  placed  in  a 
desiccating  chamber  prior  to  SEM  imaging  using  a  FEI  NOVA  nanoSEM  high  resolution 
FESEM.  * 

For  EDX  analysis,  coated  biofilms  were  fixed  in  4%  glutaraldehydc'stcrilc  phosphate 
buffer  solution  for  1  hour,  washed  four  times  in  deionized  water  to  remove  residual  media,  and 
dried  under  ambient  conditions  for  8  hours.  The  samples  were  then  placed  in  a  desiccating 
chamber  prior  to  analysis  using  an  OXFORD  INCA  250  electron  dispersive  X-ray  detector 
(EDX).  Spectra  were  collected  over  a  120x120pm  area  (n  =  3).  The  spectral  contribution  of 
carbon  was  removed  prior  to  analysis  due  to  potential  interference  from  the  carbon  tape  fixative 
and  the  atomic  percentage  of  the  remaining  elements  (reported  as  %)  was  determined. 

Confacal  Imaging 

Confocal  microscopy  was  used  to  quantify  membrane  integrity  after  exposure  to 
mineralizing  solutions  using  a  BacLight  Live ‘Dead  viability  kit  (Invitrogcn  Molecular  Probes. 
Carlsbad.  CA).  The  stain  consisticd  of  a  nucleic  acid  (STY09)  and  (propidiunt  iodide)  stain,  and 
green  and  red  stained  cells  represent  cells  with  intact  and  damaged  membranes,  respectively.  A 
Zeiss  LSM  710  (Thornwood.  NY)  confocal  microscope  with  ntulti-wavclength  lasers  (488  and 
514nm>  was  used  for  excitation.  Zen  software  (Zeiss.  Thornwood.  NY)  was  used  for  image 
capture.  Nine  cross  sections  of  I44pnt  by  144pm  were  analyzed  over  a  total  biofilm  depth  of 
128pm  (2pm  sections)  using  a  10X  objective  lens  in  immersion  oil. 

Bioenergetics 

For  uncoupling  experiments.  Qj  and  H  flux  were  measured  at  seven  positions  along  the 
biofilm  surface  for  ten  minutes  (unless  otherwise  noted).  While  at  the  final  position  on  the 
biofilm,  real  lime  OVH"  flux  were  recorded  during  addition  of  lOpM  carbonyl  cyanide 
chlorophenyl  hydrazonc  (CCCP).  CCCP  is  an  uncouplcr  of  oxidative  phosphoiylation  which 


causes  a  temporary  increase  in  O;  H*  flux  as  cells  increase  oxidative  metabolism  in  an  attempt  to 
re-establish  homeostasis  (known  as  the  “uncoupling"  effect)  (Spychcr  et  al.,  2008).  During  the 
time  when  the  0;  H  flux  was  in  a  heightened  state  (ca.  5-7  minutes),  lOniM  potassium  cyanide 
(KCN)  was  added  to  abolish  electron  transport  and  ATP  synthase  activity  (reducing  proton  and 
oxygen  flux  to  minimal  levels).  Average  values  of  O;  and  11  flux  represent  the  mean  of  values 
recorded  for  at  least  5  minutes. 

Detachment 

Detachment  rate  was  quantified  using  particle  counting  via  a  coulter  counter.  Alter 
completion  of  in  situ  analysis  of  physiology  and  viability,  all  diluent  and  flow  cell  liquid  was 
collected  in  autoclaved  containers  (approximately  7-8mL  total  sample  volume).  Detached 
particle  size  was  quantified  using  a  Beckman  Multisizcr  4  Coulter  Counter  (Beckman  Coulter. 
Fullerton,  CA).  Samples  were  split  in  half,  and  one  set  of  samples  trypsinized  for  16  minutes  to 
digest  suspended  polymers  as  an  internal  control.  Total  particle  count  is  a  summation  of 
polymeric  material  and  cells’cell  clusters.  Trypsinization  digests  bioorganic  suspended  material 
by  cleaving  peptide  chains  at  the  carboxyl  side  of  the  amino  acids.  This  leads  to  a  reduction  in 
size  of  polymeric  material  below  detection  limit  (0. 1  pm),  and  also  breaks  up  cell  clusters.  Thus, 
trypsinized  data  for  these  samples  represents  the  total  number  of  suspended  cells,  while  untreated 
samples  represents  the  number  of  bridged  polymers  (0.1  -0.8pm)  suspended  cells  (0.9-2pm),  and 
cell  clusters  (2- 1 0pm).  Results  from  trypsizined  samples  were  averaged  and  plotted  along  with 
average  of  untreated  samples.  Multiple  aperture  tubes  (20  and  100pm)  were  utilized  to  quantify 
particle  distribution  in  the  0.1  -60pm  range. 

Results 

Acid  Imitator  Screening 

Respiratory  oxygen  flux  for  P.  aeruginosa  and  N.  europaea  biofilms  was  not 
significantly  different  amongst  control  samples  for  all  experiments  (p<0.01.  a=0.05). 
Additionally,  no  significant  difference  was  measured  for  control  experiments  (fresh  growth 
media  w  ith  no  silica).  Trifluoroacctic  acid  (TFA)  significantly  increased  respiration  rate  in  P. 
aeruginosa  biofilms  (285*14%).  but  had  no  significant  effect  on  .V.  europaea  respiration  rate. 
This  could  be  due  to  expression  of  stress  response  mechanisms  expressed  by  P.  aeruginosa 
which  are  not  coded  by  N.  europaea  (c.g..  efflux  pumps,  ion  homeostatic  regulation,  netralizing 
enzymes/antioxidants)  (Gilbert.  MeBain  et  al  2002:  Russell  2003).  Conversely,  hydrochloric 
acid  (MCI)  caused  a  significant  increase  in  average  respiratory  rate  for  A',  europaea ,  but  had  no 
significant  effect  on  P.  aeruginosa.  For  all  samples  using  nitric  acid  as  the  initiator,  no 
significant  difference  was  measured  between  basal  respiratory  rate,  control  samples,  and 
encapsulated  biofilms.  The  bacteria  respire  me  is  extremely  complex,  and  contains  many  stress 
response  mechanisms  associated  with  temperature  stress,  oxidative  damage  salt  stress  (Gilbert. 
MeBain  et  al.  2002:  Sauer.  Camper  et  al.  2002;  Coci.  Ricchmann  et  al.  2005).  and  many  other 
changes  in  conditions.  Thus,  it  is  unclear  as  to  the  specific  mcchanism(s)  behind  these  increased 
respiratory  rates.  Based  on  this  screening  technique,  nitric  acid  was  selected  as  the  initiator, 
although  initiation  of  silification  with  TFA  and’or  HC1  should  not  be  ailed  out  (McLamorc  et  al., 
2009h). 


Figure  2.  Average  oxygen  influx  lor  S',  europaea  and  P.  aeruginosa  bio  films  before  and  five 
hours  after  cell-mediated  encapsulation  using  (A)  trifluoroacctic  acid.  (B)  hydrochloric  acid,  and 
(C)  nitric  acid  initiators.  Asterik  (*)  indicates  statistically  significant  difference  between  oxygen 
consumption  for  pre  and  post-encapsulation  analyzed  using  ANOVA  (n=3, 0=0. 05).  F.rror  bars 
represent  ±2SE  of  the  arithmetic  mean  at  seven  locations  along  the  biofilm. 


Verification  of  encapsulation 

SEM  images  of  biofilms  taken  30  min  after  encapsulation  exhibit  morphological 
differences  relative  to  controls.  Cells  encapsulated  in  silica  retained  a  higher  degree  of  structural 
fidelity  (Fig  4.  B),  resisting  the  collapsing  and  smoothing  effects  of  dehydration  (Fig  4.  A).  In 
Fig  4.  E.  a  silica  matrix  is  bridging  adjacent  cells  (indicated  by  a  white  arrow).  Images  taken  of 
samples  after  30  d  of  incubation  do  not  display  signs  of  a  silica  matrix  and  display  feature 
collapse  due  to  dehydration  (Fig  4.  C  and  F>.  which  is  indicative  of  the  formation  of  new  layers 
of  cells  on  top  of  encapsulated  cells. 


Figure  3.  Representative  electron  microscopy  images  of  jV  europaea  biofilm  (A)  without  silica 
deposition.  (B)  30  minutes  after  encapsulation,  and  (C)  30  days  after  encapsulation.  Images  (D- 
F)  represent  unmodified  P.  aeruginosa  biofilm.  a  biofilm  encapsulated  for  30  minutes,  and  a 
biofilm  encapsulated  for  30  days,  respectively.  The  arrow  illustrates  silica  matrix  bridging  cells. 

Scale  bars  represents  4pm. 


Elemental  analysis  of  the  biofilm  surfaces  indicated  that  silica  deposition  took  place  after 
exposure  to  mineralizing  solutions,  causing  an  increase  in  silica  concentration  from  1.810.2  at% 
and  0.3-0. 6  at%  to  15.2t0.7  at%  and  1 8.5±0.6  at%  for  P.  aeruginosa  and  N.  europaea 
respectively  (Table  I ).  30  days  after  encapsulation  under  constant  operating  conditions,  the 
concentration  of  silica  decreased  to  2.0-0.5  at%  and  I  .OK).  I  at%  for  P  aeruginosa  and  .V. 
europaea,  respectively.  Back  scattered  electron  SEM  imaging  of  N.  europaea  biofilms  30  days 
after  encapsulation  res  caled  several  small  areas  with  high  contrast  in  elemental  composition,  and 
EDS  revealed  this  was  due  to  high  levels  of  silica  and  aluminum  8.87  at%  and  3.15  at%. 
respectively. 

Table  I.  Elemental  composition  (at%)  of  P.  aeruginosa  and  .V.  europaea  biofilms  before 
biomincralization.  30min  after  encapsulation  and  30d  after  encapsulation  as  determined  by  EDS 


spectral  analysis. 
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yiahilily  and  metabolic  flux 

Average  bulk  liquid  (macroscale)  substrate  conversion  rate  (41-2%).  dissolved  oxygen 
concentration  (52l5pM).  and  pH  (6.9-0.4)  measured  in  reactor  effluent  did  not  significantly 
change  during  30  days  of  encapsulation  for  cither  species.  These  conversion  rates  am  similar  to 
previously  published  (McLamore  ct  ah,  2007).  After  the  30  day  period,  membrane-immobilized 
biofilms  were  extracted  and  transferred  to  flowcclls  for  direct  measurement  of 
viabil  ity. 'physiology  ( microscale ). 

Average  oxygen  and  substrate  flux  for  V  europaea  biofilms  did  not  significant  change 
following  up  to  30  days  of  encapsulation  using  TEA  as  an  intiator.  This  is  vital  to  the  application 
of  the  biofilm  silificaiton  technique,  as  A1,  europaea  has  relatively  few  defense  mechanisms  and 
are  sensitive  to  subtle  changes  in  operating  conditions  (c.g.,  salt  concentration,  substrate  shock) 
(Brandt.  Mcssclsoe  ct  al.  2001:  Coci.  Ricchmann  ct  ah  2005).  Likewise,  metabolic  respiratory 
rates  for  P.  aeruginosa  did  not  significantly  change  following  30  days  of  encapsulation  using 
TFA.  No  significant  differences  in  metabolic  respiration  were  noted  between  silieated  samples 
and  control  samples  for  cither  species. 


Viability  was  verified  using  a  membrane  integrity  stain  for  all  hiofilm  samples,  and  no 
significant  difference  was  noted  between  eontrnl  samples  and  silieated  samples  for  up  to  30  days. 
Representative  images  at  10X  magnification  are  shown  in  Figure  3.  and  orthoganol  views 
indicate  no  significant  difference  in  profile  and  depth  images.  This  was  validated  by  cell 
counting  at  100X  magnification  |p=(l  02.  q=0.05|. _  _ 


Figure  5.  Representative  confocal  microscopy  images  1 1  OX  magnification)  of  A'  euro/iaea 
biofilm  (A)  without  silica  deposition,  (B)  30  minutes  after  encapsulation,  and  tCi  30  days  after 
encapsulation.  Images  (D-F)  represent  an  unmodified  P.  aeruginosa  biofilm.  a  biofilm 
encapsulated  for  30  minutes,  and  a  biofilm  encapsulated  for  30  days,  respectively.  Biofilms 
were  stained  with  a  BacLight  membrane  integrity  skit,  where  green  represents  cells  with  intact 
membranes,  and  red  indicates  cells  which  have  lysed  or  damage  membranes.  No  significant 
difference  was  observed  follow  ing  encapsulation  for  all  samples,  which  was  verified  by  cell 
counting  with  a  ICIOX  magnification.  Scale  bars  represents  200pm.  Orthoganol  view  represents 
composite  of  two  dimensional  images  taken  every  2  pm  over  biofilm  depth. 


Figure  4.  t  A I  Average  oxygen  and  substrate  influx  for  .V.  europaea  biofilm  before  and  alter 
silica  encapsulation  i  B)  Average  oxygen  and  substrate  flux  for  a  P.  aeruginosa  biofilm  before 
and  after  encapsulation.  Average  values  represent  10  minutes  of  continuous  recording  at  seven 
different  positions  along  the  biofilm  surface.  For  all  biolilms  there  was  no  significant  spatial 
heterogeneity  of  flux  (p<0.01.  a=0.05)  along  the  surface  <n=7  different  positions  separated  by 

I  mm). 


Btaenetgettcx  and  sttess  response 

To  verily  iliai  encapsulation  did  not  affect  cell  physiology,  a  senes  of  pharmacological 
experiments  was  eonducted  to  analyze  the  bioenergcucs  of  sessile  cells  within  biofilnis.  In 
hacteria.  oxygen,  substrate,  and  proton  flux  mediate  ATP  produetion  through  a  series  of 
oxidative  biochemical  reactions  |  Figure  5).  During  aerobic  respiration,  oxygen  influx  drives 
ATP  piuductiun  via  the  tricaboxylic  acid  (TCA)  cycle,  glycolysis,  and  oxidative  phosphorylation 
(OvPho).  TCA  and  glycolysis  contribute  only  a  small  fraction  of  total  ATP  pioduction.  and  the 
majority  of  ATP  production  occurs  via  the  OxPho  system.  Thus,  most  research  cliaraclcrizing 
bioencrgctics  targets  the  OxPho  system.  The  electron  transport  complexes  involved  in  OxPho 
(green  structures  in  Figure  5)  can  be  uncoupled  from  ATP  synthase  (red  structure  in  Figure  5|  by 
addition  of  pharmacological  agents.  The  most  common  pharmacological  experiment  to  study 
bioenergctics  involves  the  addition  of  chemicals  which  "uncouple"  electron  transport  from 
proton  pumping  and  ATP  production  (Mitchell  el  al..  1961;  Spycher  et  al.,  2008). 
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Figure  6.  Bioenergcucs  of  bacterial  metabolism.  Oxygen,  substrate,  and  proton  transport 
mediate  production  of  ATP  through  a  senes  of  biochemical  pathways  (tricaboxylic  acid  cycling 
(TCA),  glycolysis,  and  oxidative  phosphorylation). 

Continuous  steady  state  O;  influx  and  H  efflux  was  measured  along  the  surface  of 
control  samples.  A  steady  influx  of  0_>  drives  aerobic  respiration  in  P  aeruginosa  and  AT. 
eum/mea  cells.  The  direction  of  the  proton  flux  in  cells  is  not  so  intuitive.  H’  pumping  from  the 
cytosol  across  the  intermembrane  drives  ATP  production  via  proton  motive  force  However,  the 
net  movement  of  protons  across  cells  depends  on  many  factors,  including  the  local  concentration 
of  buffers,  metabolic  state,  rate  of  CO;  production,  and  active  stress  response  mechanisms 
(Spycher  et  al.,  2008;  McLamore  el  al..  2010).  These  complicating  factors  driving  H  transport 
highlight  the  importance  of  using  a  phase-sensitive  technique  for  characterizing  physiology.  In 
bo tli  species  of  biofilms,  net  proton  efflux  was  measured  along  the  surface  of  non-s tressed 
biofilms  (Figure  7).  Following  30  minutes  of  continuous  flux  measurement  (only  five  minutes 
arc  shown  in  Figure  5),  cells  were  uncoupled  using  20 pM  CCCP.  causing  a  temporary  increase 
of  0:  and  I  I  flux  which  was  maintained  for  at  least  three  minutes  in  all  samples.  This  increased 
Q>  and  11  flux  is  a  direct  result  of  the  uncoupling  of  electron  transport  form  H"  pumping  by  the 
OxPho  system,  and  in  preliminary  experiments  sessile  cells  were  able  to  maintain  this  heightened 


state  of  metabolic  respiration  for  an  average  of  20  minutes  after  addition  of  CCCP.  Subsequent 
addition  of  lOmM  KCN  abolished  electron  transport  and  reduced  both  0>  and  H  flux  to 
insignificant  levels  within  ten  minutes  for  all  samples. 
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Figure  7.  Uncoupling  of  oxidative  phosphorylation  in  N.  europaea  biofilms  showing  real  time 
(A)  oxygen  flux  and  (B)  proton  flux.  P.  aeruginosa  uncoupling  of(C)  oxygen  flux  and  |D) 
proton  flux.  Flux  was  recorded  for  30  minutes  prior  to  addition  of  CCCP  (only  five  minutes 
shown),  which  uncoupled  oxidative  phosphorylation  (causing  an  increase  in  oxygen  and  progon 
flux).  After  at  least  three  minutes  of  steady  state  flux.  lOmM  KCN  was  added  to  abolish  electron 

transport  and  reduce  proton  and  oxygen  flux. 

These  uncoupling  experiments  were  repeated  for  biofilms  which  had  been  encapsulated 
for  30  days,  and  results  indicated  no  significant  difference  compared  to  the  response  of  control 
samples  (Figure  8).  In  combination  with  the  results  regarding  viability  and  substrate  flux 
(Figures  3  and  4).  these  results  clearly  demonstrate  that  oxidative  metabolism  of  cells  was  not 
affected  by  30  days  of  encapsulation  in  silica. 
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Figure  8.  Uncoupling  of  oxidative  phosphorylation  in  N.  europaea  biofilms  showing  average 
(A)  oxygen  flux  and  (B)  proton  flux  for  five  replicate  uncoated  (conrol)  and  encapsulated  (30 
days)  biofilm  samples.  Average  (C)  oxygen  flux  and  (D)  proton  flux  for  five  replicate  control 
and  encapsulated  (30  days)  P.  aeruginosa  biofilms.  Average  values  represent  at  least  three 
minutes  of  steady  state  flux,  and  error  bars  represent  tw  o  times  the  standard  error  of  the 
arithmetic  mean.  There  was  no  significant  dirt'crencc  between  control  samples  and  biofilms 

encapsulated  for  30  days. 


Detachment  of  sessile  cells 

Detachment  of  cells  from  biofilms  w  as  quantified  before  and  after  encapsulation  under 
constant  hydrodynamic  conditions  (Figure  7).  For  control  samples,  the  average  detachment  rate 
normalized  to  fluid  velocity  (via  Reynolds  number)  was  9.3X104  for  N.  europaea  biofilms 
9.9X10*  for  P  aeruginosa  biofilms.  This  value  was  calculated  by  determining  the  slope  of  the 
curve  in  Figure  9A.  and  represents  the  average  detachment  rate  within  the  fluid  velocity 
operating  range. 

Approximately  30  minutes  after  siliea  deposition,  net  detachment  rate  was  significantly 
reduced  for  both  species  by  approximately  5(H:4%.  For  both  species,  the  detachment  rate 
following  30  days  of  encapsulation  was  an  average  of  24r7%  lower  than  control  samples,  but 
significantly  higher  than  samples  encapsulated  for  30days.  This  is  due  to  the  detachment  of 
cel  Is  polymers  from  the  layer  which  formed  on  the  surface  of  the  siliea  layer  (confirmed  by 
electron  microscopy.  Figure  2). 
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Figure  9.  (A)  Total  number  of  detachment  particles  as  a  function  of  axial  Reynolds  number 
within  the  laminar  regime  (0-100).  (B>  Representative  plot  showing  the  ability  to  distinguish 
between  detached  polymers  (0. 1  -0.5pm)  and  detached  cells  (0.9-2. 0pm)  based  on  particle  size 


Discussion 

The  encapsulation  system  dcsenbed  in  this  study  is  analogous  to  that  found  in  natural  hot 
springs  where  silica  leached  from  surrounding  minerals  saturates  the  aqueous  environment 
(Hinman  and  Linds trom  1996).  When  this  solution  comes  into  contact  with  bacterial  mats  (a 
dense,  biolilm-like  matrix),  the  extracellular  polymeric  matrix  serves  as  a  site  for  silica 
nuclcation  and  polcondcnsation  (SchultzcLam.  Fcnis  et  al.  1995;  Phoenix.  Adams  et  al.  2000). 
The  current  system  involves  artificially  generating  a  saturated  mineralizing  environment  through 
the  use  of  organically  moditled  silicates  that  hydrolyze  in  the  presence  of  an  acid  initiator.  Using 
the  techniques  herein,  a  ntetastablc  solution  w  ith  silica  concentrations  in  excess  of  what  would 
be  possible  by  heat  assisted  solubilization  of  silica  mineral  is  obtained.  In  the  laboratory  these 
solutions  are  typically  utilized  to  generate  mesoporous  silica  sol-gel  glasses  (Brinker  and  Scherer 
1990).  w  here  the  high  silica  concentration  allows  formation  of  a  solid  hydrated  matrix. 

Proteins  serve  as  a  template  for  silica  nuclcation  in  organisms  that  form  silica  based 
structural  elements  such  as  sponges  and  diatoms  (Kroger.  Lorenz  et  al.  2002;  Weaver  and  Morse 
2005).  The  proteins  of  both  sponges  and  diatoms  share  a  certain  degree  of  chemical  similarity  in 
that  they  are  both  enriched  in  hydroxyl  amino  acids  such  as  tyrosine,  threonine,  and  primarily 
serine  (Hecky,  Moppet  ct  al.  1973;  Shimizu.  Cha  et  al.  1998;  Sumper  and  Kroger  2004).  These 
amino  acids  engage  in  ionic  and  hydrogen  bonding  interactions  with  -SiOll  groups  present  in 
silicic  acid  containing  solutions,  generating  sites  for  nuclcation  and  poiycondensation  (Hecky. 
Moppcr  ct  al.  1973;  Lobcl.  West  ct  al.  1996;  Kroger.  Dcutzmann  ct  al.  1999).  Alternatively,  the 
hydroxyl  groups  may  complex  with  phosphates  to  form  preferential  nuclcation  sites  (Kroger. 
Lorenz  et  al.  2002).  These  same  hydroxyl  bearing  groups  arc  found  distributed  in  the  proteins  of 
all  organisms.  While  not  evolved  to  form  ordered  structures,  it  was  hypothesized  that  these 
endogenous  proteins  could  serve  as  the  site  for  silica  deposition. 

Given  the  random  distribution  of  potential  nuclcation  sites  in  biofilms  (c.g..  cell  surface 
proteins  and  proteins  in  extracellular  polymeric  matrix),  it  was  further  hypothesized  that  the 
nanostructure  of  silica  would  resemble  that  of  typical  sol-gel  glasses,  as  opposed  to  the 
condensed  structures  found  in  specialized  organisms.  The  nanostructure  of  sol  gels  can  be 
influenced  by  several  faetois  including  silica  concentration.  pH.  curing  temperature,  and  acid 
initiator  species  (Brinker  and  Scherer  1990).  In  the  current  study,  we  were  constrained  by  the 


necessity  of  maintaining  organism  viability,  reducing  the  number  of  parameters  that  could  be 
varied  to  influence  nano-architecture.  Temperature  and  final  solution  pH  had  to  remain  within 
the  organism’s  optimal  growth  range,  which  is  especially  important  for  bacteria  which  are  known 
to  express  a  number  of  stress  proteins  related  to  temperature  and  pH  shock  (Gilbert.  MeBain  ct 
al.  2002;  Russell  2003).  In  preliminary  experiments,  silica  concentration  w  as  adjusted  to  provide 
a  window  where  deposition  occurred  on  the  cellular  substrate  prior  to  bulk  gelation.  Given  these 
constraints,  three  types  of  acid  initiator  (hydrochloric,  nitric,  and  trifluoroacctic  acid)  were 
screened  to  determine  their  effects  on  biofilm  viability.  It  was  found  that  the  respiration  rate  of 
cells  encapsulated  with  silica  hydrolyzed  by  a  nitric  acid  did  not  significantly  change,  while 
hydrochloric  and  trifluoraectic  acid  significantly  altered  respiration  ratewithin  30  minutes  (Fig 
1).  Although  the  increases  respiration  rate  observed  in  /'.  aeruginosa  with  triflouroacetic  acid 
and  .V.  europaea  with  hydrochloric  acid  arc  indicative  of  stress,  further  study  is  needed  to 
dctemiine  the  biochemical  mechanisms  associated  with  this  stress  response.  However,  based  on 
our  preliminary  screening  using  aerobic  respiratory  rate,  nitric  acid  initiated  silica  solutions  were 
chosen  for  further  investigation. 

Using  nitric  acid  as  an  initiator.  SEN!  imaging  and  EDS  elemental  analysis  confirmed  the 
presence  of  a  silica  coating  in  both  species  of  biofilm.  SEM  images  of  cells  30  min  after  coating 
demonstrated  subtle  differences  in  morphology  (Fig  4.  B  and  E)  which  were  not  observed  in 
control  samples  or  biofilms  encapsulated  for  30  days.  These  morphological  differences  were  due 
to  collapse  of  surface  features  in  control  and  30  day  coated  samples,  while  biofilms  coated  for  30 
min  were  clearly  delineated.  This  phenomenon  is  not  surprising  considering  the  increased 
stiffness  expected  from  mineralized  samples,  and  researchers  have  employed  colloidal  silica  to 
improve  preservation  of  biological  samples  for  imaging.  The  apparent  collapse  in  30  d  samples 
(Fig.  4.  C  and  F>  indicates  the  attachment  and  maturation  of  planktonic  cells  onto  the  silica  layer 
formed  during  encapsulation.  This  result  is  expected,  as  both  P.  aeruginosa  and  ,V.  europaea 
biofilms  aic  known  to  grow  on  a  wide  variety  of  silica-based  surfaces  (Ghannoum  and  O’Toole 
2004.  Costerson  2007). 

Encapsulated  samples  also  demonstrated  what  appeals  to  be  a  silica  matrix  connecting 
neighboring  cells  (Fig.  4.  E  arrow).  F.DS  analysis  confirmed  the  presence  of  this  silica  layer; 
samples  analyzed  30  min  after  coating  displayed  a  higher  concentration  of  silica  (1 8.49*0.59  and 
1 5.24:0.67  at%  for  j V.  europaea  and  P.  aeruginosa,  respectively)  than  control  samples  (Table  1). 
After  30  d  of  incubation,  the  silica  concentration  present  on  the  surface  of  the  samples  dropped 
to  1.02*0.07  and  2.03*0.45  at%  for  V.  europaea  and  P.  aeruginosa  respectively.  These  silica 
concentrations  are  higher  than  control  samples,  but  lower  than  samples  coated  for  30  minutes. 
The  decrease  in  silica  concentration  in  30  d  samples  could  arise  from  the  dissolution  of  the  silica 
layer  or  from  the  formation  of  a  secondary  biofilm  on  the  encapsulated  surface.  Back  scattered 
electron  SEM  imaging  of  the  surface  revealed  variations  in  surface  elemental  empositions. 
Several  small  high-contrast  areas  were  noted  on  the  sample  surface.  EDS  analysis  of  one  of 
these  areas  demonstrated  elevated  silica  and  aluminum  concentrations  (8.87  and  3.15  at%. 
respectively).  These  findings  suggest  that  a  secondary  biofilm  covered  most  of  the  exposed 
encapsulated  surface. 

The  presence  of  aluminum  in  conjunction  with  silica  in  the  30  d  samples  likely  arises 
from  silica's  ability  to  fix  aluminum  ions  in  solution  (Dugger.  Stanton  et  al.  1904;  Birehall 
1995).  This  characteristic  has  been  employed  to  remove  metallic  contaminants  from  wastewater 
(Zamzow.  Eichbaunt  et  al.  1990;  Van  Jaarsvcld.  Van  Deventer  ct  al.  1998).  When  utilized  as  an 
encapsulant  for  waste  water  treatment  applications,  silica's  interaction  with  aluminum  may 


present  a  secondary  health  benefit.  The  incidence  of  Alzhimcr's  disease  has  been  linked  to 
elevated  aluminum  levels  and  lack  of  silica  in  the  water  supply  (Rondeau,  Jacqntin-Gadda  ct  al. 
2009). 

No  significant  change  in  oxygen  (lux.  substrate  flux,  or  stoichiometric  metabolism  ratio 
was  observed  for  up  to  30  days  after  encapsulation  (p<0.02.  a=  0.05).  This  was  confirmed  with 
a  membrane  integrity  stain  using  confocal  microscopy,  and  no  significant  difference  was  noted  at 
I  OX  magnification  or  100X  magnification.  There  were  no  regions  of  lysed  cells  within  the 
matrix  (2pm  slices),  which  one  would  expect  if  diffusion  limitations  or  nutrient  transport  was 
significantly  altered.  Preservation  of  physiology  and  cell  viability  is  particularly  important  for  N. 
europaea ,  as  encapsulation  can  potentially  improve  resistance  to  shock  loading,  chemical  toxin 
exposure,  and  detachment. 

To  further  v  alidate  that  cells  maintain  proper  physiological  lunction  when  encapsulated, 
pharmacological  experiments  were  conducted  using  the  uncouplcr  CCCP  and  an  inhibitor  of 
electron  transport  (KCN).  Steady  O,  and  H*  fiux  was  not  significantly  different  for  control 
biofilms  and  biofilms  encapsulated  for  30  days.  Both  species  of  cells  responded  to  uncoupling 
via  CCCP  addition,  and  subsequent  respiratory  inhibition  by  KCN.  These  experiments 
demonstrate  that  oxidative  metabolism  and  stress  response  mechanisms  of  cells  within  biofilms 
were  intact  following  biomincralization  by  silica.  These  oxidative  stress  response  mechanisms 
are  vital  to  the  proper  functioning  of  sessile  cells,  especially  under  dynamic  substrate  loading  in 
applications  such  as  wastewater  treatment. 

Encapsulation  of  biofilms  significantly  reduced  the  detachment  rate,  although  cells  and 
polymers  which  subsequently  attached  were  prone  to  detachment.  Due  to  the  low  cost  and 
simplicity  of  the  encapsulation  method,  these  results  suggest  that  the  best  technique  for  long  term 
use  may  be  a  '‘layering"  approach.  There  arc  engineering  design  opportunities  to  optimize  the 
encapsulation  process  using  this  layering  technique  for  both  monoculture  and  mixed  species 
biofilms.  Improved  control  over  community  microniche  formation  in  wastewater  biofilms  is  a 
significant  tchnological  improvement,  and  will  greatly  improve  the  deployability  of  biorcactors 
for  life  support  applications.  However,  encapsulation  in  an  extremely  thick  silica  layer  is  not 
optimal.  In  addition  to  leading  to  potential  nutrient  transpon  limitations,  an  excessively  thick 
silica  layer  may  limit  active  detachment  of  sessile  cells.  Active  detachment  (also  known  as 
seeding  dispersal)  is  an  important  physiological  regulator  of  biofilm  thickness,  and  sessile  cells 
continuously  return  to  the  planktonic  state  as  a  means  of  "spreading"  (Purevdorj-Gage  et  al., 
2005).  This  physiological  mechanism  must  remain  intact  for  proper  function  of  the  biorcactor, 
and  thus  the  thickness  fo  the  silica  layer  must  be  tightly  controlled  using  such  cell  mediated 
encapsulation  processes  as  the  technique  herein. 

Conclusions 

Safe,  clficient  water  recovery  systems  arc  required  for  successful  recycling  of  water  and 
wastewater  for  human  consumptionusc.  Microbial  based  technologies  consume  far  less 
resources  than  physicochemical  systems,  and  require  less  resupply  of  consumables.  Thus,  a 
bioregenerative  core  will  be  required  for  the  optimum  recovery  of  watcr'wastcwatcr  within  life 
support,  habitat  systems.  Although  research  has  improved  the  operating  efficiency  of 
bioprocessors  within  water  recovery  systems,  many  problems  still  persist,  including:  slow  startup 
time,  inconsistent  processing  efficiency,  and  potential  release  of  pathogens.  The  technique 
herein  is  designed  to  improve:  (i)  the  rapid  deployment  of  biofilm  reactors,  (ii)  control  over 
detachment  of  sessile  bacteria  from  engineered  surfaces  w  ithin  self-suftkicnt  water  regeneration 


systems.  To  accomplish  this,  we  demonstrate  a  technique  linking  adv  anced  cell  immobilization 
to  the  hollow  fiber  membrane  bioreaetors. 

The  technique  is  scalable  and  capable  of  encapsulating  complex  biolilnt  geometries  by 
employing  endogenous  extracellular  material  as  a  site  for  silica  deposition.  As  such,  it  can 
potentially  be  applied  to  a  wide  range  of  cell  lines  and  mixed  cellular  systems.  Both  persistent  P 
aeruginosa  and  sensitive  N.  europaea  species  survive  the  encapsulation  process,  and  retain 
v  iability  and  physiology  over  extended  periods  of  time  (at  least  30  days).  The  silica  layer  is  thin 
and  evenly  distributed  over  the  cellular  surface,  reducing  molecular  diffusion  limitations.  The 
silica  is  also  intimately  associated  with  the  extracellular  proteins  which  reinforce  the  silica 
matrix  and  prevent  cracking  observed  using  bulk  encapsulation  methods.  The  silica  layer 
reduces  the  detachment  of  cells  and  polymers  (improving  biomass  conversion  rate),  but  docs  not 
constrict  activ  e  detachment  of  cells  (required  for  proper  physiological  biolilnt  self-maintenance). 
The  formation  of  a  secondary  layer  of  cells'polymcrs  on  silica-encapsulated  biofilms  is  an 
important  observation,  and  demonstrates  that  encapsulated  cells  are  able  to  utilize 
dctachment'rcattachmcnt  processes  necessary  for  proper  function.  These  features  will  allow 
rapid  deployment  of  bioreaetors  which  contain  mature  communities  of  microbes  immobilized  in 
biofilms.  Future  and  ongoing  research  will  explore  long  term  cellular  viability,  translation  of  the 
encapsulation  system  to  new  classes  of  cells,  and  "layering"  of  ntultispccics  microbial 
communities  in  bioreaetors  for  rapidly  deployable  processors  for  use  in  water  reclamation 
systems. 
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